A 7-Å cryoelectron microscopy-based reconstruction of Sindbis virus (SINV) was recently generated. Fitting the crystal structure of the SINV capsid protein (Cp) into the density map revealed that the F2-G2 loop of the Cp was shifted away from cytoplasmic domain of E2 (cdE2) in the 7-Å reconstruction relative to its position in the Cp crystal structure. Furthermore, the reconstruction demonstrated that residue E395 in region I of the cytoplasmic domain of the E2 envelope protein (cdE2-RI) and K252 of Cp, part of the Cp F2-G2 loop, formed a putative salt bridge in the virion. We generated amino acid substitutions at residues K250 and K252 of the SINV Cp and explored the resulting phenotypes. In the context of cells infected with wild-type or mutant virus, reversing the charge of these two residues resulted in the appearance of Cp aggregates around cytopathic vacuole type I (CPV-I) structures, the absence of nucleocapsid (NC) formation, and a lack of virus particle release in the infected mammalian cell. However, expressing the same Cp mutants in the cell without the envelope proteins or expressing and purifying the mutants from an Escherichia coli expression system and assembling in vitro yielded NC assembly in all cases. In addition, second-site mutations within cdE2 restored NC assembly but not release of infectious particles. Our data suggest an early temporal and spatial interaction between cdE2-RI and the Cp F2-G2 loop that, when ablated, leads to the absence of NC assembly. This interaction also appears to be important for budding of virus particles.
T he alphaviruses are a group of enveloped, positive-sense, single-stranded RNA viruses in the Togaviridae family. Wellstudied members include the Eastern, Western, and Venezuelan equine encephalitis viruses, Semliki Forest virus, Ross River virus, Chikungunya virus, and the type member, Sindbis virus (SINV) (42) . The emergence of Chikungunya virus as an epidemic threat has reemphasized the medical importance of the alphaviruses (47) .
The ϳ11.5-kb genome encodes four nonstructural proteins that primarily facilitate genome replication and four structural proteins, capsid, pE2, 6K, and E1, which are initially translated from a subgenomic message as a polyprotein (42) . Co-and posttranslational processing by viral and host proteases yields the mature structural proteins. The capsid protein (Cp) is an autoprotease that acts to cotranslationally cleave itself from the growing polypeptide (30) and later associates with viral genomic RNA to form a nucleocapsid (NC) core. The remaining polyprotein inserts into the endoplasmic reticulum (ER) in a signal sequencemediated manner (2) . Signalase processing yields pE2 and E1, the envelope proteins, and 6K, a small membrane-resident protein whose function in the virus life cycle remains unclear (26) . pE2 is later cleaved by furin to yield the small protein E3 and the larger protein E2 (52) . E1 and E2 are type I integral membrane proteins, with E2 primarily responsible for host receptor engagement (3, 24) , while E1 contains pH-dependent fusogenic properties required for virus entry (14, 50) . The ectodomains of both E1 and E2 comprise the bulk of each protein, although both E1 and E2 contain some residues, termed cytoplasmic domains, which are found on the inner face of the envelope and, at least in the case of E2, interact with the NC (15, 17, 28) . The icosahedrally arranged virus particle, released by budding from the host plasma membrane (PM), is comprised of two protein shells (4) . In the outer shell, 240 copies each of E1 and E2, arranged as 80 trimers of E1-E2 heterodimers, are embedded in a plasma membrane-derived lipid bilayer (33) . The membrane layer also contains substoichiometric amounts of 6K and surrounds the NC core. The NC is comprised of 240 copies of Cp and one copy of genomic RNA and also demonstrates icosahedral symmetry (4) . The icosahedral symmetry of the NC may derive from the 1:1 protein-protein interaction between each molecule of Cp in the NC and a molecule of E2 in the envelope, as the icosahedral arrangement of prebudded, cytoplasmic NCs remains loosely defined (4, 12, 32) .
The alphaviruses have long proven a model system for structural studies of enveloped mammalian viruses owing, in part, to the Tϭ4 icosahedral arrangement of both the envelope and the NC core of budded virus particles. Genetic and structural evidence suggests that a hydrophobic pocket on the face of the Cp interacts with the cytoplasmic domain of E2 (cdE2) in the context of a budded virion (36, 38, 44) . Specifically, a conserved YxL motif in cdE2 is involved in side-chain interactions with residues resident in the Cp hydrophobic pocket, and other evidence suggests interactions of C-terminal cdE2 residues, relative to the YxL domain, with Cp (23, 25, 31, 36, 51) . Thus, Cp and E2 interact during budding, and this interaction is required for budding to occur (43, 53) . However, details regarding the arrangements of, and the interactions between, the Cp and the E1 and E2 envelope proteins prior to budding events remain unclear.
It is thought that the trimer of E1-E2 heterodimers, often referred to as spikes, forms a two-dimensional (2D) crystalline array at the plasma membrane and probably already arrives at the plasma membrane in a spike-like conformation (20, 41, 49) . However, the site of the initial E1-E2 heterodimerization, as well as the subcellular compartment in which trimerization occurs, is not clear, although these processes likely occur soon after translation (34) . Likewise, a detailed understanding of the NC assembly pathway is not available. While Cp homodimers are thought to be key assembly intermediates, and charge neutralization between genomic RNA and the basic Cp likely provides the source for the initial assembly nucleation, no NC assembly intermediates have been identified by either biophysical or microscopy-based techniques (27, 46) . Additionally, the site of NC assembly is unclear, although NC may assemble at or near the site of viral genome replication (11, 40) . Interestingly, Cp mutants have been described in which NC formation in the cytoplasm is disrupted but in which wild-type (wt)-like virus particles are nevertheless budded from the cell (9) .
While it has long been established that NCs and envelope protein spikes interact during budding at the plasma membrane, emerging data suggest that the interaction of NC and envelope proteins may occur before either arrives at the plasma membrane, in the form of membranous virus-induced type II cytopathic vacuoles (CPV-II) (16) . These CPV-II molecules have been implicated in the traffic of envelope proteins to the plasma membrane and appear to be decorated with NCs (19, 41) . The precise origin of CPV-II vacuoles and the temporal and spatial aspects of the initial interaction between NC and envelope proteins on these CPV-II structures have yet to be detailed. However, the cotrafficking of NC and E2 to the site of budding hints at interactions between Cp and the envelope proteins well before virus budding at the plasma membrane.
A 7-Å cryoelectron microscopy (cryo-EM)-based reconstruction of SINV virus demonstrated several novel molecular links between the E2 envelope protein and the NC in the context of a virus particle (44) . Among these data, it was shown that a flexible loop on the edge of the hydrophobic pocket of Cp, the F2-G2 loop composed of amino acids 248-NSKGK-252, was shifted ϳ3.5 Å away from cdE2 relative to the loop position in the SINV Cp crystal structure. Furthermore, a salt bridge between cdE2 E395 and Cp K252, part of the F2-G2 loop, was proposed. On the basis of those results and the observation that Cp residue K250 was implicated in cross-capsomere contacts (45), we performed a mutational analysis of Cp residues K250 and K252.
Simultaneous mutation of SINV Cp residues K250 and K252 led to production of Cp aggregates around cytopathic type I replication vacuoles (CPV-I) and the complete abrogation of NC formation in the cell concomitant with a lack of virus particle release. Surprisingly, though, when the mutant proteins were expressed and assembled in vitro (45) , expressed in the absence of the envelope proteins, or expressed via a replicon or by a mammalian expression plasmid, formation of core-like particles (CLPs) was detected in all cases. Double SINV mutants were generated in which both cdE2-RI (cdE2 391-KARRE-395) and the Cp residues K250 and K252 were simultaneously mutated. These double mutants restored NC formation for the Cp K250D/K252D and K250E/K252E mutant backgrounds but did not restore the release of virions.
Taken together, our data suggest (i) that an early temporal and spatial interaction occurs between Cp and E2 in the infected cell, likely at or near the CPV-I structure, (ii) validation of the modeling performed in the SINV 7-Å reconstruction with regard to a functional interaction between cdE2-RI and the Cp F2-G2 loop, and (iii) a new set of cdE2:Cp amino acid interactions, involving the N-terminal region of cdE2, that are important for alphavirus assembly and budding.
MATERIALS AND METHODS
Cell culture. BHK-15 cells obtained from the American Type Culture Collection were maintained in minimal essential medium (MEM) (Life Technologies) supplemented with 10% fetal bovine serum (FBS), except for enzyme-linked immunosorbent assay (ELISA) studies in which the FBS was omitted. Generation of mutants in virus cDNA. All mutants were generated in the pToto64 SINV cDNA plasmid using standard overlap PCR mutagenesis with Platinum Pfx DNA polymerase (Invitrogen). Infectious fulllength RNA was produced by linearizing the plasmids with SacI followed by SP6-mediated in vitro transcription (Ambion). The Cp-expressing replicon was created in the pToto64 background by deleting the nucleotides corresponding to E3, E2, 6K, and E1 via overlap PCR mutagenesis. The first nine nucleotides of E3 were retained in addition to the stop codon utilized by E1. Plaque diameter analysis was performed by incubating BHK cells seeded in 6-well culture dishes with 1.5 ml of 0.2 mg/ml DEAE dextran-50 mM Tris (pH 7.4) at 37°C for 1 h, followed by incubation with in vitro-transcribed RNA at 25°C for 30 min and subsequent overlay with 1% agarose-MEM.
NC accumulation assays. BHK cells were electroporated (1.5 kV, 25 F, 200 ⍀, 0.2-cm-gap cuvette) with 10 g of in vitro-transcribed RNAs derived from the Toto64 cDNA clones. Infection was allowed to proceed for 8 h, at which time media were removed and cells washed 3 times with phosphate-buffered saline (PBS) and then scraped off the cell culture dish using 1 ml PBS. Cells were subjected to pellet formation for 10 min at 750 ϫ g and resuspended in hypotonic buffer (10 mM NaCl, 10 mM Tris [pH 7.4], 20 mM EDTA) to swell for 20 min on ice. Triton X-100 (20%) was added to achieve a final concentration of 4% (vol/vol). Lysed cell debris and nuclei were subjected to pellet formation at 2,000 ϫ g for 10 min. The solution was then loaded onto a continuous iodixanol gradient (0% to 30%) in TNE-Triton X-100 (50 mM Tris [pH 7.4], 100 mM NaCl, 1 mM EDTA, 0.1% Triton X-100) and centrifuged at 32,000 rpm in a Beckman SW-41 rotor for 2.5 h. All steps were carried out at 4°C. The gradient was fractionated, and each fraction was analyzed by SDS-PAGE on a 12% polyacrylamide gel. Separated proteins were electroeluted and adsorbed to 0.4-m-pore-size nitrocellulose membranes before being probed with a rabbit polyclonal anti-Cp primary antibody and an IRDye 680 goat anti-rabbit secondary antibody conjugate (Li-COR). Stained membranes were scanned with a Li-COR Odyssey infrared imager. Cp intensities were measured using the Odyssey software and relative intensity values plotted as a function of fraction number.
In vitro NC assembly. The wild-type or mutant Cp genes were subcloned into pET-11a prokaryotic expression vector (Novagen). Protein expression and purification and in vitro assembly of NCs were performed as described previously (45) , using an arbitrary single-stranded DNA (ssDNA) 109-mer (5=-GATCCGAAAGCGCGCCGTGAGTGCCTGACG CCATACGCCCTGGCCCCAAACGCCGTAATCCCAGCGGCCGCT GCCGCCGCGTGCTGCGTTAGGTCGGCCAATGCTTAGC-3=).
Transient transfection and expression of SINV Cp or Cp plus envelope proteins. The SINV sequences encoding the structural proteins (Cp, pE2, 6K, E1), or the sequences encoding just the Cp, were cloned into pcDNA4/TO/myc/his/A mammalian expression vector (Invitrogen). BHK cells were seeded into 60-mm-diameter culture dishes at ϳ70% confluence and then transiently transfected with 10 g of plasmid with Lipofectamine (Invitrogen) 18 h prior to lysis and gradient analysis as described above.
Multistep growth curve analysis. BHK cells were infected with stock virus at a multiplicity of infection (MOI) of 0.5. Virus was allowed to adsorb to cells at 25°C for 1 h followed by incubation at 37°C. Media were removed and replaced with fresh media at 30-min intervals for the first 2 h and then at 1-h intervals thereafter. The amount of infectious virus release was quantified by titration on BHK cells.
Plaque assay. Serial dilutions (10-fold) of culture media or virus were made in PBS containing 1% FBS plus 10 mM CaCl 2 and 10 mM MgCl 2 . BHK cells at ϳ90% confluence were inoculated with 250 l of the dilutions for 1 h at room temperature and then overlaid with MEM containing 5% FBS and 1% agarose. Cells were incubated at 37°C for 48 h and stained with neutral red.
ELISA. Posttransfection media (2 ml) were concentrated to 100 l using Amicon 100-kDa centrifugal filters and applied to a 96-well Polysorp ELISA plate (Sigma) overnight at 4°C. The samples were blocked with 5% BSA-PBS for 2 h followed by three washes with PBS-T (PBS, 0.1% Tween 20). A 1:500 dilution of a monoclonal anti-E2 antibody (202) was applied to the sample for 2 h, followed by three washes with PBS-T. A 1:1,500 dilution of a horseradish peroxidase (HRP)-conjugated goat antimouse secondary antibody was applied to the sample for 1 h, followed by three PBS-T washes. A TMB peroxidase detection system (KPL) was used to develop the ELISA according to the manufacturer's instructions. The optical density (OD) was determined at 450 nm.
Electron microscopy analyses. BHK cells were electroporated with in vitro-transcribed RNAs or transfected (Lipofectamine 2000) with plasmids expressing the viral Cp or structural polyprotein. Cells were fixed and processed at 8 h postelectroporation of RNA or 18 h posttransfection of plasmid. Samples were fixed in 2% glutaraldehyde-cacodylate buffer (0.1 M sodium cacodylate, 2 mM MgCl 2 , 2 mM CaCl 2 , 0.5% NaCl, pH 7.4) and then washed in cacodylate buffer followed by water. Samples were then postfixed with 2% OsO 4 and 1.5% K 4 Fe(CN) 6 and then rinsed with water. Processing of cells for immunostaining omitted the osmium tetroxide and potassium ferrocyanide. Cells were subjected to pellet formation at 4,000 ϫ g in 1% low-melt agarose. The pellet was dehydrated in sequential concentrations of ethanol from 10% to 100%. Pellets were then embedded in Durcupan resin and hardened at 60°C for 72 h. Sections (50 to 70 nm thick) were collected on carbon-coated copper mesh grids (carbon-coated gold mesh grids for immunostaining) using a diamond knife. Sections received a postembedding stain of 2% uranyl acetate and Sato's lead. Images were collected on a Philips CM-10 Biotwin transmission electron microscope (TEM) with film at 80 kV, a FEI CM200F cryoelectron microscope with a 1-k charge-coupled-device (CCD) camera at 200 kV (FEI Company, Hillsboro, OR), or an FEI Titan Krios TEM at 300 kV with a 4-k CCD camera. For immunostaining, sections were etched with 200 mM NaOH in ethanol and rinsed in ethanol and water followed by incubation in 0.005% Triton X-PBS for 10 min. Grids were then blocked with 2% bovine serum albumin-1% fish gelatin-PBS for 30 m, followed by exposure to anti-Cp antibody (1:150 in 10% blocking solution-PBS) for 1.5 h. Samples were then rinsed in PBS and blocked with 3% normal goat serum in PBS for 10 min followed by exposure of anti-rabbit antibody conjugated to 6-nm-diameter gold (EMS) (1:40 in PBS) for 1.5 h. Samples were rinsed in PBS and cross-linked with 2.5% glutaraldehyde for 5 min and then poststained with 2% uranyl acetate and Sato's lead.
RESULTS
Phenotype of the SINV Cp F2-G2 loop mutants. It has previously been suggested that the SINV Cp F2-G2 loop is involved in a putative interaction with cdE2 (44) . Furthermore, Cp K250 was proposed to mediate cross-capsomere contacts within the NC (46) and Cp K252 was postulated to participate in salt bridge contacts with cdE2. However, analysis of virus assembly phenotypes after mutation of these residues has not yet been described. Thus, we generated SINV mutants in which K250 and K252 were simultaneously mutated to alanine (K250/2A), aspartic acid (K250/2D), or glutamic acid (K250/2E) and a mutant in which the sequence encoding the tripeptide sequence 250-KGK-252 was deleted (⌬KGK).
After BHK cells were electroporated with in vitro-transcribed viral RNA, infectious virus was recovered from only the wild type and the K250/2A mutant; no infectious virus was recovered from the K250/2D, K250/2E, or ⌬KGK mutant. Growth curve analysis of the wild type and the K250/2A mutant indicated that the K250/2A mutant released ϳ1.5-log-fewer infectious units than the wild type throughout the 12-h time course (Fig. 1A) .
To ascertain if noninfectious particles were being released in the K250/2D, K250/2E, or ⌬KGK backgrounds, we collected media 8 h after electroporation of in vitro-transcribed viral RNAs and assayed the amount of infectious particles in the media and the amount of total virus particles in parallel by plaque assay and ELISA, respectively (Fig. 1B) . The K250/2A mutant showed a decrease in signal in the ELISA relative to the growth curve, indicating no modulation in specific infectivity in that mutant. The K250/2D, K250/2E, and ⌬KGK mutants, however, failed to release any virus particles as gauged by the ELISA, indicating that, in these backgrounds, virus particle release is completely abrogated. Electroporating BHK cells with in vitro-transcribed RNA generated from wild-type or mutant cDNAs and growing the electroporated cells at 30°C, rather than 37°C, did not rescue infectious virus In parallel, the titer was determined by plaque assay on BHK cells and the total amount of virions determined by ELISA. The mock sample was derived from BHK cells electroporated without RNA and processed as described above. n.p., no plaques; n/a, not applicable.
particle release for the K250/2D, K250/2E, and ⌬KGK mutants (data not shown). Thus, when the lysines present at Cp positions 250 and 252 were replaced with a small, neutral, and nonpolar residue, release of infectious virus was attenuated. However, reversing the charge of these two lysines, as in the K250/2D and K250/2E mutants, or deleting the residues led to a complete disruption of virus particle release from cells.
Reversing the charge of Cp residues K250 and K252 leads to incomplete NC assembly in the mammalian cell. Tang et al. (44) suggested that the Cp F2-G2 loop, which contains the K250 and K252 residues, might shift position when cdE2 inserts into the Cp hydrophobic pocket; thus, these Cp residues may be important for budding. Tellinghuisen and Kuhn suggested that Cp K250 may be involved in cross-capsomere contacts in the context of an assembled NC core (46) . Thus, disruption of the lysine residues in the Cp F2-G2 loop could be expected to affect NC assembly or budding or both.
To determine if NC assembly was affected in the F2-G2 loop mutants, we performed a NC accumulation assay in BHK cells after electroporation of in vitro-transcribed viral RNAs in a fashion similar to that described previously (29) . Briefly, 8 h postelectroporation, lysates of BHK cells were applied to a continuous rate-zonal gradient and centrifuged and the migration of Cp-containing complexes was determined by fractionation and densitometry after immunoblot analysis. With the exception of the ⌬KGK mutant, equivalent amounts of total Cp were detected in the cell (data not shown). The migration of viral genomic RNAcontaining complexes was also determined by fractionation and quantitative reverse transcriptase PCR (qRT-PCR).
As shown in Fig. 2 , free Cp (45) and free in vitro-transcribed viral genomic RNA (assayed independently of each other) showed only slight sedimentation into the gradient. Lysates from cells transfected with the wild type and the K250/2A mutant demonstrated cosedimentation of Cp and viral genomic RNA to fraction 7, the position typically occupied by NC (data not shown). The K250/2D and K250/2E mutants, however, demonstrated sedimentation of the bulk of Cp-and genomic RNA-containing complexes to fractions 4 and 5, unlike the wild type, suggesting that, in these mutants, Cp-genomic RNA complexes are formed but are conformationally different from that of authentic NC. In addition to mock-electroporated cells, the ⌬KGK mutant failed to generate full-length Cp in the cell (data not shown) and was not considered further. We unsuccessfully attempted to visualize the putative aggregates isolated from the K2502/2D or K250/2E gradient fractions by negative-stain electron microscopy.
To validate the lack of NC formation in the K250/2D and K250/2E mutant backgrounds, we examined transfected BHK cells by electron microscopy. In thin-section EM, we were unable h posttransfection. Clarified cell lysates were loaded onto an iodoxinol gradient and fractionated from the top of the gradient after 2.5 h. Fraction 1 refers to the top of the gradient, whereas fraction 11 was collected from the bottom. The amount of capsid protein and genomic RNA in each fraction was determined by immunoblotting and densitometry and by qRT-PCR, respectively. The y axis represents the normalized intensity in each fraction relative to the fraction containing the most abundant signal.
to identify NC structures in the cells transfected with the K250/2D and K250/2E mutants (data not shown), whereas we were able to identify such structures in the cells transfected with the wild type (Fig. 3A) . Using immuno-EM with an anti-Cp antibody, however, we identified what appeared to be aggregates of Cp surrounding CPV-I replication vacuoles (Fig. 3B) . These aggregates did not resemble the canonical NC structure. Taken together, the gradient and EM analyses suggested that, whereas the K250/2A mutant was restricted at a point after NC assembly, but before completion of the budding process, the K250/2D and K250/2E mutants were deficient in NC assembly.
The SINV Cp F2-G2 loop mutants assemble into core-like particles in vitro. Given the lack of knowledge of the NC assembly process, we sought to interrogate NC assembly in vitro using the K250/2D and K250/2E mutants, as the gradient analysis suggested that the Cp aggregates found after expression of mutant Cp might represent a NC assembly intermediate. The wild-type and mutant Cp was expressed in Escherichia coli and purified using chromatography as previously described (45) .
Like the wild type, the K250/2A mutant readily assembled into core-like particles (CLPs) in vitro using a single-stranded DNA template but, surprisingly, the K250/2D and K250/2E mutants also assembled into CLPs under identical standard assembly reaction conditions as gauged by native agarose gel electrophoresis (Fig. 4A ) and negative-stain electron microscopy of assembly reactions (data not shown). Interestingly, though, when subjected to a temperature gradient, the K250/2D (data not shown) and K250/2E NC mutants appeared less thermostable than the wild type and the K250/2A mutants (Fig. 4B) , suggesting that these charged residues may indeed be involved in intercapsomere contacts in the context of an assembled NC as previously suggested (46) . Nevertheless, the mutant Cp is capable of assembling into NC-like structures in vitro and, thus, some other factor is responsible for the lack of NC formation in vivo for the K250/2D and K250/2E Cp mutants.
When expressed ectopically, the SINV Cp F2-G2 loop mutants assemble into NCs in the cell. The disparate results with respect to NC assembly for the K250/2D and K250/2E mutants between infected cells and in vitro results led us to assay the ability of the mutant Cp to assemble into NC in the cell when expressed alone using a mammalian expression vector. BHK cells were transfected with a plasmid expressing wild-type or mutant Cp and were lysed 18 h after transfection. The cell lysate was subjected to the same ultracentrifugation and densitometric analyses as before. As seen in Fig. 5 , all mutants produced Cp-containing structures that migrated in a manner similar to that seen with the wild type. Previously published work has shown that expression of the alphavirus structural proteins ectopically leads to the formation and 
FIG 4
Agarose gel electrophoretic analysis of in vitro assembly reactions. Capsid protein was expressed and purified in vitro. (A) Capsid and mutant proteins all assemble into core-like particles in a nucleic acid-dependent fashion. Assembly reactions were carried out as described in the text. Aliquots of each reaction were electrophoresed on 0.8% agarose and stained with 0.05% Coomassie blue. The small shift in mobility of the assembled CLPs was due to the difference in the pI of the proteins. The top of the image represents the cathode and the bottom the anode. The basic unassembled capsid protein can be seen migrating toward the cathode when nucleic acid is absent. (B) Assembled CLPs demonstrate a difference in levels of thermostability. Assembled CLPs were subjected to an increasing temperature gradient at the temperatures indicated for 15 min. Treated CLPs were analyzed by agarose gel electrophoresis as described above.
release of virus-like particles, and alphavirus NC assembly in cells that lack nucleic acid has not been described; thus, NCs presumably assemble here with the aid of cellular RNAs (1). Therefore, the complexes found in these cell lysates likely represent NCs and, as such, the K250/2D and K250/2E mutant Cp are also capable of NC assembly in cells. Taken further, there is apparently some factor or environment in the infected cell that prevents authentic NC assembly using K250/2D and K250/2E mutant Cp.
When expressed via a SINV replicon, the SINV Cp F2-G2 loop mutants assemble into NCs in the cell. In the infected cell, NCs are found in close proximity to CPV-I structures which comprise both the site of viral RNA synthesis and the site of NC assembly (11) . NCs also interact with the envelope proteins (23, 25, 31, 36, 51) frequently during the viral life cycle. Thus, in an effort to determine whether it is the viral replicase, the viral envelope proteins, or the environment in an infected cell that is responsible for the conflicting results seen with infected cells versus the other experimental conditions with regard to NC assembly for the K250/2D and K250/2E mutants, we generated a SINV replicon expressing only the wild-type or mutant Cp. This construct, which lacked the sequence encoding the viral glycoproteins, was expected to better mimic the environment of an infected cell, given the expression of the viral enzymatic proteins and the concurrent establishment of viral replicases on CPV-I replication vacuoles. As before, BHK cells were electroporated and the cell lysates were subjected to the same ultracentrifugation and densitometric analysis. Again (Fig. 6A) , the mutants all produced Cp-containing structures that migrated in a manner similar to that seen with the wild type and apparently represented NCs. Indeed, electron microscopy studies validated the presence of NC structures for both the wild type and the mutants (Fig. 6B) . To exclude the possibility that the shorter length of the replicon nucleic acid, relative to that of the full-length viral genomic RNA molecule, played a role in rescuing NC assembly, we created a separate construct in which we replaced the fourth and fifth codons of E3 with stop codons. In this system, only Cp is produced via the subgenomic message, as in the replicon, but the replicated nucleic acid is the same length as in the full-length genome. Both the wt and the K250/2D Cp mutant were tested in this background, and we detected NC assembly in cell lysates after sedimentation analysis in the ultracentrifuge (Fig. 7) . Therefore, it appeared that it was the envelope proteins that were responsible for the lack of NC assembly in infected cells expressing the K250/2D and K250/2E mutant Cp. Double mutants containing mutations in both the Cp F2-G2 loop and cdE2 region I rescue NC assembly but not virus particle release. Given the 7-Å SINV reconstruction, as well as previously published biophysical analyses of residues involved in Cp:E2 interactions (22, 44), we speculated that region I of the cytoplasmic domain of E2 (cdE2-RI), when present, may be responsible for the lack of NC assembly in the K250/2D and K250/2E mutant Cp backgrounds. We therefore created a set of double mutants in which cdE2-RI (cdE2 391-KARRE-395) and Cp residues K250 and K252 were simultaneously changed. Interestingly, gradient analysis of the double mutants demonstrated restoration of NC assembly in the K250/2D and K250/2E Cp backgrounds (Table 1) . Lysates were scored as containing NCs (ϩ) if the most intense Cp signal was found in fraction 6 or 7 or scored as lacking NCs if the most intense Cp signal was found in fraction 1, 2, 3, 4, or 5. Negative-stain electron microscopy analyses of a subset of the double mutants validated the gradient findings (Fig. 8) . Specifically, we identified electron-dense NC structures adjacent to CPV-I structures for both the wt and K250/2E Cp mutant backgrounds con- currently with a lack of aggregates of Cp around these CPV-I structures using immuno-EM (data not shown). However, recovery of infectious particles as determined by plaque titration of posttransfected BHK cell media, or immediate agarose overlay after transfection of infectious RNA, was not restored for the K250/2D or K250/2E Cp background despite the formation of pinpoint-sized syncytium-derived plaques (Table 2) . Furthermore, modulation of the sequence of cdE2 R-I residues 393-RRE-395 also impaired the ability of virus with a wild-type or K250/2A Cp background to release infectious particles. Taken together, these data suggest that cdE2-RI is important for efficient budding but also that cdE2-RI may interact with Cp at a prebudding stage, perhaps before or during NC assembly.
Ectopic expression of the entire structural polyprotein with Cp F2-G2 loop mutants yields NC assembly in the mammalian cell. Next, we generated a set of mammalian expression plasmids in which only the structural polyprotein, containing the wild-type envelope proteins, with either the wild-type Cp or the F2-G2 loop mutant Cp, was produced from a single message. Given the presence of the wild-type cdE2 R-I sequence, and its implication in NC assembly defects as described above, we expected to find a lack of NC structures in cells transfected with plasmids expressing the wild-type envelope proteins but the K250/2D and K250/2E mutant Cp. Cell lysates were subjected to the same gradient analysis described above, and, surprisingly, we detected molecules that sedimented like wild-type NC structures in all cases (Fig. 9) . Given the absence of a viral replicase in this study, and the transfected cells devoid of CPV-I replication vacuoles, the data suggest that NC assembly may occur in a noncanonical fashion when the structural proteins are expressed ectopically or perhaps due to a lack of viral RNA synthesis. Therefore, the proposed cdE2:Cp interactions may occur only on virus-induced structures, which were absent in the transfected cells in the experiment described here. Indeed, although cdE2 R-I has been shown to interact with NC in vitro (22), we were unable to inhibit in vitro NC assembly of the wild type or the F2-G2 loop Cp mutants when GFP:cdE2 protein (22) was spiked into assembly reaction mixtures at up to a 10-mole excess (data not shown).
DISCUSSION
Genetic and other evidence has convincingly implicated an interaction of Cp with a conserved YxL motif on cdE2 as necessary for budding to occur (36, 43, 53) . However, whether there are additional Cp:cdE2 interactions, as well as the pathway by which the assembled NCs as well as the envelope proteins traffic to the site of budding, remains unclear.
Recent evidence has suggested that NCs and envelope proteins cotraffic from cytoplasmic domains to the plasma membrane on virus-induced membrane structures termed cytopathic vacuoles type II (CPV-II), and NC and the envelope proteins likely interact on these CPV-II structures (19, 41) . Furthermore, a morphologically distinct virus-induced membrane structure, termed cytopathic vacuole type I (CPV-I), likely contains the viral replicase and has been implicated as the site of initial NC assembly (11) . Thus, NCs likely assemble on or near CPV-I structures prior to a Column headings represent the capsid protein primary sequences, and rows represent the cdE2 primary sequences. Lysates were scored as containing NCs (ϩ) if the most intense Cp signal was found in fraction 6 or 7 or scored as lacking NCs if the most intense Cp signal was found in fraction Յ5. Boldface represents the amino acids mutated in this study.
FIG 8 EM analysis of cells infected with double cdE2/capsid mutants. (A)
Cells transfected with a SINV full-length infectious RNA expressing wt capsid protein in the cdE2 R393E background were processed for negative-stain electron microscopy at 8 h posttransfection. Clusters of cores are indicated by black arrows. Bar, 200 nm. (B) Cells transfected with a SINV full-length infectious RNA expressing the K250E/K252E capsid protein in the cdE2 R393E background were processed for negative-stain electron microscopy at 8 h posttransfection. Clusters of cores are indicated by black arrows. Bar, 200 nm. a Column headings represent the capsid protein primary sequences, and rows represent the cdE2 primary sequences.
their association with envelope proteins on CPV-II structures. It is unknown, however, whether any interactions exist between Cp/ NCs and the envelope proteins prior to their association on CPV-II vacuoles.
Here, we provide evidence that Cp and the E2 envelope protein may interact earlier than previously thought in the virion assembly pathway, perhaps in an event that precedes cotrafficking of NC and envelope proteins to the PM via CPV-II structures.
Modeling of cdE2 into and out of the hydrophobic pocket of Cp in a 7-Å cryo-EM reconstruction of SINV virus provided the opportunity for structure-guided mutagenesis (44) . Specifically, Tang and colleagues suggested that a flexible loop on the Cp, the F2-G2 loop, was shifted ϳ3.5 Å from its position observed in the crystal structure of SINV Cp (5, 48) . One residue in this loop, lysine 250, had been previously implicated in intercapsomere contacts within the NC (46), and Tang et al. suggested that the F2-G2 loop might move when the NC encounters the cdE2 domain of E2 (44) . Furthermore, a second lysine in the F2-G2 loop, K252, was implicated as being a part of a salt bridge pair with D395 of cdE2 (44) . Given these data, we performed structure-guided mutagenesis, simultaneously mutating both K250 and K252 in the Cp F2-G2 loop to alanine, aspartic acid, or glutamic acid, and expressed these proteins in a variety of ways.
Disruption of the lysines present in the F2-G2 loop led to a lack of NC assembly in the infected cell, with Cp found in aggregates around CPV-I vacuoles. In vitro assembly of the same mutant Cp, however, led to formation of core-like particles (CLPs). Interestingly, though, the NCs assembled from K250/2D and K250/2E Cp were not as thermostable as the wild type and the K250/2A mutant, in line with the proposal that at least one residue, K250, in the F2-G2 loop might be involved in cross-capsomere contacts in the context of an assembled NC (46) . A crystal structure of the SINV Cp revealed that K252 is involved in a salt bridge with Cp E111 (25) . Residue E111 is part of the N-terminal arm of Cp shown to interact with the hydrophobic pocket of an adjacent Cp molecule in the crystal lattice and, thus, perhaps in the context of a NC prior to binding of cdE2 into the hydrophobic pocket. Taken together, these observations could explain the difference in thermostability. Despite these differences in thermostability, CLPs assembled with both wild-type and mutant Cp remained intact during gradient analysis of in vitro assembly reactions (data not shown), and thus the differences in thermostability are unlikely to be related to the phenotype observed in the cell. Therefore, importantly, and unexpectedly, the in vitro assembly data demonstrated that the mutant Cp contains the information necessary to assemble into NClike structures.
Expression of Cp in the cell by a SINV replicon or by a mammalian expression plasmid with or without the viral envelope proteins also readily led to NC assembly in the cell, as gauged by gradient and negative-stain electron microscopy analyses. In the former system, not only were the viral nonstructural and the viral envelope proteins not produced but the reorganization of internal cellular membranes that are a hallmark of alphavirus infection (37) was also absent. Previously, overexpression of the alphavirus structural proteins in a similar fashion was shown to yield the formation and release of virus-like particles (1) . In the latter system, the replicon that we created contained a SINV RNA in which the envelope protein gene segment was missing. In this replicon, Cp is still produced via translation of a subgenomic message; the viral replicase, the genomic RNA packaging signal, and enzymatic proteins are present and CPV-I vacuoles are observed in the transfected cell (data not shown), but the envelope proteins are not produced and CPV-II vacuoles are not observed (data not shown). Additionally, in a separate experiment, we excluded the length of the capsid-expressing nucleic acid as a factor in rescuing NC assembly. Taken together, the data suggested that the envelope proteins were responsible for the NC assembly defect seen in the infected cell.
Previously published genetic and structural data strongly suggested that cdE2 interacts closely with a hydrophobic pocket on the surface of Cp (36, 38, 44) . Jose and colleagues recently demonstrated that region I of cdE2 (cdE2-RI), comprised of E2 391-KARRE-395, specifically interacts with both NCs isolated from cells infected with SINV, as well as in vitro-assembled CLPs (22) . cdE2 E395 has been specifically implicated in virus assembly (13) , and Tang et al. proposed that cdE2 residue E395, part of region I, formed a salt bridge with Cp K252, a residue in the F2-G2 loop under investigation here (44) . Thus, we speculated that cdE2-RI, when present, was responsible for the lack of NC assembly in the K250/2D and K250/2E mutant Cp backgrounds. Double mutants in which the primary sequences of both the Cp F2-G2 loop and cdE2-RI were mutated showed that multiple different alterations of the cdE2 sequence 393-RRE-395 were capable of restoring the ability of the K250/2D and K250/2E mutant Cp to incorporate into NCs in the cell. The fact that multiple different substitutions in this region of cdE2 rescued the NC assembly defect suggests that it is not necessarily one particular Cp: cdE2 side-chain interaction that is responsible for the K250/2D and K250/2E mutant phenotypes but perhaps more likely the shape or conformation of cdE2. Indeed, it has been suggested that, given the conservation of the positions of prolines and cysteines in cdE2 across the alphavirus genus, cdE2 might adopt a conserved conformation important for Cp binding (42) .
While mutation of cdE2-RI restored the capacity for NC formation in the K250/2D and K250/2E backgrounds, it did not restore the release of infectious particles. Except for the E2 E395K mutant, all other cdE2-RI mutants prevented release of infectious particles by virus containing wild-type Cp. That cdE2 region I might be important in virus assembly was also recently proposed by Jose et al. (22) . Thus, cdE2-RI may have a multifaceted role in the virus assembly process through interaction with the Cp. Interestingly, as previously noted, some degree of covariance exists between cdE2-RI and the F2-G2 loop of Cp (22) . Specifically, in most alphaviruses sequenced to date, when the Cp residue corresponding to SINV K250 is basic, the cdE2 residue corresponding to E395 is acidic, and when the Cp residue corresponding to K250 is acidic, the cdE2 residue is basic. Note that it is Cp residue K252, not K250, that is reported to form a salt bridge with cdE2 residue E395 (44); thus, modeling based on static images of virus particles and isolated NC may underscore the true fluidity of the cdE2 and Cp domains that apparently interact with one another.
When we assayed the ability of the K250/2D and K250/2E Cp mutants to assemble when they were ectopically expressed as part of the complete structural polyprotein, we expected that the K250/2D and K250/2E Cp mutants would not assemble into NCs. However, gradient analysis demonstrated the presence of Cp-containing structures that sedimented just like the wild type. These data suggest that, while cdE2 does play a role in the NC assembly defect phenotypes, the ultrastructure of the infected cell does as well. Indeed, in this system, CPV-I vacuoles are absent, and the polyprotein is likely translated in a canonical fashion rather than proximal to CPV-I structures. The nonstructural proteins, likely compartmentalized at CPV-I vacuoles in a regular infection, have been shown to interact with numerous host proteins (6, 18, 35) . In short, the NC assembly defects described here may not be able to be recapitulated via ectopic expression of the structural polyprotein because of the inherent differences in the organization or arrangement of viral proteins in the uninfected versus infected cell. Indeed, when GFP:cdE2 protein was added at up to a 10-mole excess into in vitro assembly reactions using wild-type or mutant F2-G2 loop Cp, assembly of CLPs was unaffected, again demonstrating that the presence of cdE2 alone is not sufficient to reconstitute the Cp:cdE2 interactions that occur in the infected cell.
The results described here provide additional insights into the temporal and spatial interactions between SINV Cp and cdE2. We demonstrated that Cp containing mutations in the F2-G2 loop still retained the information necessary to assemble into NCs. CPV-I vacuoles are proposed to be the site of normal NC assembly (11) , but in cells transfected with in vitro transcripts containing the Cp mutation K250/2D or K250/2E, an accumulation of aggregates of Cp and viral genomic RNA complex at CPV-I vacuoles was detected. Given that this phenotype can be rescued by modulation of the primary sequence of cdE2-RI, a region already implicated in Cp:E2 interactions (44) , and that, in the absence of these second-site mutations, K250/2D and K250/2E Cp form aggregates on CPV-I vacuoles, our data suggest that Cp and E2 may interact on or near CPV-I vacuoles, the site of NC assembly (11), soon after Cp synthesis.
It is tempting to speculate that cdE2 might act as a chaperone, aiding the assembly of NCs. Other viruses employ such a mechanism (7); however, additional data are required to interrogate this hypothesis. Another mechanistic possibility, and perhaps one that is more likely, is that changing the local charge of the Cp F2-G2 loop in the K250/2D and K2502/E mutants increases the affinity of Cp for cdE2. This could lead to an altered rate of nucleation between Cp and cdE2 and the formation of aggregates. In the infected cell, the K250/2D Cp and the K2502/E Cp may become kinetically trapped by this interaction, unable to continue down the NC assembly pathway. Computational studies with other RNA viruses have demonstrated, counterintuitively, that increasing the affinity of a viral Cp for its cognate RNA leads to an aberrant and incorrect NC assembly pathway by altering the rate of nucleation (8, 21) .
Nevertheless, the data presented here have provided additional knowledge concerning the interactions of Cp and E2 in the infected cell and, coupled with recent additions to the literature, have provided a new level of insight into the interactions and trafficking of the alphavirus NC and envelope proteins and allow us to propose a more detailed model regarding the NC assembly pathway. Wilkinson et al. proposed that Cp and RNA may initially associate on the cytoplasmic faces of intracellular membranes (51) . Here, we show that Cp and cdE2 may interact on CPV-I vacuoles, although direct evidence of the presence of E2 in CPV-I structures has yet to be published. However, the analysis of alphavirus chimeras with respect to genome replication kinetics as well as work with an anti-idiotypic antibody in which the original antigen was cdE2 have led to speculation that molecules of E2 might indeed be present in the replicase complex (42, 43) . Given that CPV-I vacuoles are derived from the plasma membrane (10), the ultimate destination for E2, the presence of the envelope proteins in or near the viral replicase may not actually be that surprising.
Soonsawad and colleagues showed that CPV-II vacuoles contain envelope proteins spikes, are decorated with NCs, and traffic from sites internal to the cell to the plasma membrane (41) . Unpublished electron tomography data (T. J. Edwards and R. J. Kuhn) have demonstrated the movement of assembled NCs from CPV-I vacuoles to CPV-II vacuoles, and recent studies using microinjection of viral RNA into envelope protein-expressing cells demonstrated a preference for newly synthesized envelope proteins during envelopment of NCs (39) .
Taking these data together, we can propose a more detailed model regarding the fate of Cp and envelope proteins in the cell. Specifically, newly translated Cp may associate with CPV-I membranes, interact with viral genomic RNA, and assemble into NC structures. Molecules of cdE2 resident in the CPV-I structures may temporarily interact with Cp before or during NC assembly. Assembled NCs may then traffic from CPV-I vacuoles to CPV-II vacuoles, where they interact with additional molecules of cdE2. Presumably, NC and cdE2 interact strongly here, perhaps via the conserved cdE2 YxL motif and the hydrophobic pocket on Cp. The C-terminal domain of cdE2 (cdE2-CTD) is reported to initially transverse the membrane, flipping back and exposing cdE2-CTD to the cytosol well after translation in a phosphorylationdependent manner (28) . Thus, cdE2 may assume different conformations within the cell, providing scaffolds of different levels of affinity for Cp when embedded in CPV-I versus CPV-II membranous structures. A strong interaction between NC and cdE2 at CPV-II may tether NCs to CPV-II, and NCs and envelope proteins could cotraffic to the plasma membrane (41) . The structure, or perhaps composition, of CPV-II is such that premature budding is inefficient (41) . Only when CPV-II reaches and fuses with the PM do the envelope proteins form a 2D lattice that is planar enough to envelop the NC, providing the free energy to bud a virus particle through the PM. This model, while attractive, is almost certainly overly simplistic and requires further studies be performed to completely elucidate the alphavirus virion assembly pathway.
The work presented here correlates with previously published genetic and structural analyses and expands our knowledge of alphavirus assembly. Taken together, our data (i) suggest that an early temporal and spatial interaction occurs between Cp and E2 at or near the CPV-I replication structures and (ii) provide a description of a new set of cdE2:Cp amino acid interactions, involving the N-terminal region of cdE2, that are important for alphavirus NC assembly as well as budding.
